ABSTRACT
potassium current in the ORCs. Because T-type calcium current is known to lower the 40 threshold in ORCs, we suggest that acetylcholine enhance excitability by lowering the 41 threshold of spike generation in ORCs via the muscarinic receptor.
INTRODUCTION

47
Sensory organs are generally modulated by efferent nerves (Hall 2011) . In the visual 48 system, efferent inputs to the retina are known to regulate visual sensitivity of rod 49 photoreceptors (Barlow 2001) . The efferents also regulate a selective visual attention by 50 modulating the light response of retinal ganglion cells (Uchiyama et al. 1998 ). In the 51 auditory system, it is proposed that activation of the efferents can alter micromechanical 52 event within the cochlear partition and provide a gain control of the cochlear amplifier 53 (Guinan 1996) . Olfactory perception, which starts in the olfactory receptor cells (ORCs) 54 of the olfactory epithelium (Gold and Nakamura 1987; Bakalyar and Reed 1991; Breer 55 and Boekhoff 1992; Ronnett and Snyder 1992; Firestein 1992; Kurahashi and Yau 1994;  nerve stimulation releases acetylcholine and modulates discharge rates of ORCs 65 (Bouvet et al. 1987) . Direct application of acetylcholine to the intact olfactory 66 epithelium also affects spiking activity in the olfactory nerve (Bouvet et al. 1988 ). These 67 observations raise the possibility that acetylcholine may affect odor responses of ORCs.
68
Recently, it is found that the type 3 muscarinic acetylcholine receptor, which is found in low-pass filtered with a cut-off frequency of 5 kHz and then digitized at 10 kHz by an 107 analog-to-digital interface (Digidata 1320A; Axon Instruments Inc., Burlingame, CA).
108
For statistical analysis, paired t-tests were used to examine the effects of chemicals on 109 ORC's responses. For all tests, the significance level was set at P < 0.05. Data are given 110 as means ± standard error (SE).
112
Solutions and drugs
113
For the current-clamp experiment, a normal Ringer's solution was the same as the 114 dissociation Ringer's solution (in mM): 110 NaCl, 2.6 KCl, 3 CaCl 2 , 10 HEPES, 10 115 glucose, 10 ppm phenol red. For the voltage-clamp experiments, several pharmacological agents were used for isolating each component of ionic currents.
117
Choline chloride was substituted for NaCl to suppress sodium currents. CoCl 2 (1 mM),
118
CdCl 2 , (0.1 mM), and NiCl 2 (0.1 mM) were used to block all voltage-gated calcium 119 currents, an L-type calcium current, and a T-type calcium current respectively. The 
RESULTS
133
Acetylcholine facilitates spike generation of ORCs
134
Isolated newt ORCs can be clearly distinguished from supporting cells in the olfactory 135 epithelium by their shape (Kurahashi, 1989, Schild and Restrepo 1998 that reported previously (-70 mV; Kawai et al., 1996) . In all current-clamp recordings of 153 the present experiment, no holding current was applied for the resting condition. When 154 3 pA current was injected into an ORC, carbachol facilitated spike generation ( Fig. 2A) .
155
In control Ringer's solution no spike was observed, whereas in the presence of 100 µM 156 carbachol 4 spikes were generated by near-threshold depolarization. For strong stimuli,
157
carbachol also increased spike frequency (Fig. 2B) . When 3 pA current was injected into 158 ORCs, 0.0 ± 0.0 spikes⋅s -1 were generated in control solution, and 0.5 ± 0.5 spikes⋅s -1 in 159 the presence of carbachol. By injecting 13 pA current into ORCs, 9.1 ± 1.4 spikes⋅s -1
160
and 11.0 ± 1.3 spikes⋅s -1 were generated in control and carbachol solutions respectively
161
(n = 7).
162
With the increase of current injection from 0 pA to 13 pA, the spike frequency 163 both in control solution (Fig. 2C , filled square) and after addition of carbachol (Fig. 2C,   164 filled circle) increased monotonously. In the stimulus-response relationship, carbachol 165 significantly lowered the current threshold of spike generation from 5.3 ± 0.6 pA to 3.8
166
± 0.5 pA (28% decrease, n = 7; P < 0.05, paired t-test), and increased the spike 167 frequency (Fig. 2C) . A similar result was observed by bath application of 50 µM acetylcholine. Acetylcholine significantly lowered the current threshold of spike 169 generation from 6.3 ± 0.6 pA to 4.5 ± 0.5 pA (29% decrease, n = 4; P < 0. 
Carbachol increases voltage-gated sodium (I Na ) and T-type calcium (I Ca,T ) currents
197
In the somatic membrane of the newt ORCs, four major voltage-gated currents have 198 been identified: I Na , I Ca,T , an L-type calcium current, and a delayed rectifier potassium 199 current (Kawai et al. 1996) . Spikes in ORCs are triggered by activation of sodium (I Na )
200
and T-type calcium (I Ca,T ) currents (Kawai et al. 1996 (Kawai et al. , 1997 . To identify the 201 voltage-gated current that is modulated by acetylcholine, we first examined the effects 202 of carbachol on I Na . Carbachol increased the peak amplitude of I Na by 32% without 203 changing its kinetics (Fig. 4A ). This effect was reversible and evident between -50 mV and +20 mV ( Fig. 4B ). At the voltage step of -30 mV, carbachol significantly increased 205 the peak amplitude of I Na by 29.0 ± 5.3% (n = 7; P < 0.01, paired t-test).
206
In control solution the activation and inactivation curves were fitted by a single
207
Boltzmann function with a half-activation voltage of -33 mV and a half-inactivation 208 voltage of -62 mV respectively (Fig. 4C) , as previously reported (Kawai et al. 1996) 
248
This effect was reversible and evident between -60 mV and 0 mV (Fig. 7B) . A similar 249 significant increase of I Ca,T (32 ± 4%) was obtained in 5 cells (P < 0.01, paired t-test).
250
Thus, carbachol enhanced the transient inward currents of ORCs as shown in Figure 3 251 by increasing both I Na and I Ca,T .
253
Effects of carbachol on other voltage-gated currents in ORCs
254
We also tested the effect of carbachol on the L-type calcium current and the delayed 255 rectifier potassium current. However, carbachol did not significantly change the 256 amplitude of the L-type calcium current (Fig. 8, A and B) or the delayed rectifier 257 potassium current (Fig. 8, C and D regarded as an important effect of acetylcholine, as a 28% decrease in the current 347 threshold (5.3 ± 0.6 pA to 3.8 ± 0.5 pA; P < 0.05, paired t-test) seems likely to be 348 functionally significant.
349
The autonomic nervous system is well known to regulate the activity of not 350 only the sensory organs but also other organs such as cardiac, smooth muscle and glands.
sometimes inhibits it, demonstrating that the two systems occasionally act reciprocally 353 to each other. We have reported that adrenaline or noradrenaline, which is released from 354 the sympathetic nerves, activates β-adrenergic receptors on the soma of ORCs, which
355
shifts the current threshold of spike generation to a higher intensity by suppressing I Ca,T
356
( Kawai et al. 1999) . In contrast, in the present study we found that acetylcholine shifts 357 the current threshold to a lower intensity by enhancing I Ca,T . Thus, we suggest that the 358 sympathetic and parasympathetic nerve systems regulate competitively excitability of
359
ORCs by modulating the amplitude of I Ca,T .
360
Carbachol not only lowered the current threshold of spike generation, but also 361 increased the maximum spike frequency of ORCs (see Fig. 2C ). Because I Na is the 362 major component of spike generation, it is likely that the enhancement by carbachol of 363 I Na is involved in the increase of the maximum spike frequency of ORC. 
